Significant capacity losses are generally seen for batteries containing high-capacity lithium alloy forming anode materials such as silicon, tin and aluminium. These losses are generally ascribed to a combination of volume expansion effects and irreversible electrolyte reduction reactions. Here, it is shown, based on e.g. elemental analyses of cycled electrodes, that the capacity losses for tin nanorod and silicon composite electrodes in fact involve diffusion controlled trapping of lithium in the electrodes. While an analogous effect is also demonstrated for copper, nickel and titanium current collectors, boron-doped diamond is shown to function as an effective lithium diffusion barrier. The present findings indicate that the durability of lithium based batteries can be improved significantly via proper electrode design or regeneration of the used electrodes.
Introduction
The commercialization of the lithium-ion battery has paved the way for the portable electronics revolution. As the development of electric vehicles requires lithium based batteries with significantly higher energy and power densities there is currently a large interest in silicon, 1-4 tin 1,3 and lithium anodes. 5, 6 Lithium is, however, associated with significant safety and cycle life issues due to dendrite formation and short-circuiting of the battery. 5, 6 Many researchers have therefore chosen to focus on silicon, tin and aluminium electrodes which form lithium alloys with high specific capacities and normally do not exhibit lithium dendrites. 1 Silicon is the most interesting material due to its high abundance and high specific gravimetric capacity, i.e. 3579 mA h g À1 for Li 3.75 Si. 1 The formation of lithium alloys, however, gives rise to volume expansion effects (e.g. 280% for Li 3.75 Si 1 ) which can result in electrode pulverization during cycling as well as continuous solid electrolyte interphase (SEI) layer formation. 1, 7, 8 While significant progress has been made to decrease the volume expansion problem by using e.g. nanoparticles, nanorods and thin films, and/or capacity limitations, 1, 8, 9 capacity losses are still typically seen. 10, 11 Although these losses generally are ascribed to a combination of volume expansion effects and SEI formation there are also results [12] [13] [14] [15] [16] [17] [18] [19] indicating that lithium is trapped in the electrodes. The latter hypothesis has, however, received relatively little attention so far and therefore requires further investigation.
Broader context
Next generation lithium-ion batteries are expected to be based on lithium alloy forming anode materials which can store up to ten times more charge than currently used graphite anodes. This increase in the charge storage capability has motivated significant research towards the commercialisation of anode materials such as Si, Sn and Al. Alloy forming anode materials are, however, known to lose capacity during cycling in a lithium-ion battery. As the origin of these capacity losses for alloy forming anode materials is currently not fully understood it remains a topic of great scientific interest. The leading theory explains the capacity losses by a combination of large volume expansion taking place during reversible lithium alloying and irreversible reactions with the electrolyte involving the formation of a solid electrolyte interphase layer. In the present work it is demonstrated that an alternative failure mechanism effectively can account for the capacity losses seen when cycling alloy forming anode materials versus lithium electrodes. During the cycling small amounts of elemental lithium are trapped within the electrode material due to a two-way diffusion causing lithium to move into the bulk material, which makes the lithium extraction process significantly more time consuming. This mechanism is demonstrated for both alloy forming anode materials (e.g. Si, Sn and Al) as well as for commonly used current collector metals (e.g. Cu, Ni and Ti). lithium foil electrode. The large reduction peak seen at about 0.25 V vs. Li + /Li on the first cathodic scan can be ascribed to lithium deposition yielding the Li x Sn alloy (xLi + + xe À + Sn = Li x Sn), 1,20 while the smaller reduction peaks at about 1.38 and 0.64 V originated from the reduction of the native tin oxide layer. 1, 20 The anodic current between 0.3 and 1.3 V stem from the oxidation of lithium in the tin alloy. Similar capacity losses are generally seen for alloy forming electrodes and are normally ascribed to a combination of volume expansion effects and SEI formation. 1, 8, 21, 22 Since the tin nanorods electrodes were capacity limiting during the cycling versus the Li electrodes (see the discussion below), the present capacity losses can, however, not be explained by SEI formation even though this effect contributed to the difference between the reduction and oxidation charges. Fig. 1b further shows that the capacity increased rather than decreased initially (see Fig. S1 and S2 as well as Section S2 in the ESI †) and that an analogous behaviour also was seen under galvanostatic cycling conditions (see Fig. 1c and d ). Note the initial capacity increase for the higher current density and the significantly different shapes of the 1st and 120th cycle chronopotentiograms.
Based on the results in Fig. 1b and d it is reasonable to assume that the capacities were affected by at least two superimposed phenomena (as is further explained in Section S2 in the ESI †), one giving rise to the initial capacity increase and another yielding a capacity loss. Since it is well-known 1, 2, 8, 22, 23 that alloy forming electrode materials become amorphous during cycling, we ascribe the initial capacity increase to electrode roughening effects in agreement with recent results for aluminium electrodes. 13, 24 To study the origin of the capacity loss, the lithium content of the tin electrodes after different numbers of cycles were determined (in their oxidized state) using ICP-AES as described in Section S1 in the ESI. † It was found that the lithium content in the electrodes increased linearly with the cycle number during 120 cycles (see Fig. S3 in the ESI †) indicating that some lithium was trapped on each cycle. Linear plots of the capacity as a function of the square root of the cycling time were also obtained in the region where the capacity decreased (see Fig. S2 in the ESI †). This behaviour, which also can be seen for aluminium nanorod electrode data 13 (see Fig. S4 in the ESI †), indicates a diffusion controlled lithium trapping effect. Given 
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Energy & Environmental Science an increase in the electrode lithium content of 1.27 mg per cycle (see Fig. S3 in the ESI †), the corresponding lithium trapping charge (i.e. 17.8 mC per cycle) was compared with the difference between the reduction and oxidation charges for each cycle. This calculation (see Section S3 in the ESI †) showed that the trapped lithium could explain approximately 50% of the difference between the reduction and oxidation charges on each cycle. The remaining part was ascribed to the formation of a 3 nm thick SEI layer per cycle, assuming that a 10 nm thick SEI layer was formed on the first cycle. The latter is reasonable as SEI layer thicknesses of up to about 20 nm have been reported. [25] [26] [27] The calculations further suggest that the continuous SEI growth was due to a partial dissolution of the SEI layer. [28] [29] [30] The capacity versus cycle number plots seen in Fig. 1 can consequently be explained by superimposed volume expansion and diffusion controlled lithium trapping effects.
Influence of SEI formation on the capacities of Li-half cells
Although the SEI formation clearly affects the Q ox /Q red ratio for each cycle, it cannot explain the capacity losses for the half-cells containing lithium electrodes used in this study as the capacity of the lithium electrode was much larger than those of the tin nanorod electrodes as well as those of the silicon composite electrodes discussed below. Since the capacities for such halfcells will be limited by the tin nanorod or silicon electrode capacities (see Section S5 in the ESI †), the SEI formation merely results in a loss of a small part of the lithium foil electrode. In other words, the capacity of the tin nanorod or silicon composite electrode should remain constant in the absence of any lithium trapping and surface area enhancements. It can further be concluded that the SEI formation process is unlikely to result in a decrease in the lithium concentration in the electrolyte as the amount of lithium included in the SEI would be generated at the lithium electrode. There could, in fact, be an increase in the lithium concentration in the electrolyte in the presence of a partial dissolution of the SEI which also may increase the viscosity of the electrolyte. The SEI formation will, nevertheless, still be a problem in full cells in which the capacities of the two electrodes are approximately equal. To decrease the capacity losses for such cells both the lithium trapping and the SEI problems will hence need to be appropriately addressed. It is, however, important to realize that stable capacities for alloy forming electrode materials are very unlikely to be obtained merely by solving the SEI problem. It should also be mentioned that linear plots of the capacity as a function of the square root of the time (such as those seen in the present study), are unlikely to be obtained if the capacity loss is due to SEI formation as can be shown by the following example. If the positive electrode is assumed to be capacity limiting, its full oxidation capacity would be used to compensate for the reductive charge associated with the SEI formation and the reduction of the negative electrode material during the first charge. This means that the negative electrode cannot be fully reduced. On the subsequent discharge step, the oxidative capacity of the negative electrode therefore becomes limiting which means that the positive electrode cannot be fully reduced.
After the first cycle, the capacity of the cell has therefore decreased by an amount corresponding to the SEI charge. This procedure may then be repeated on the subsequent cycles and if the charge due to the SEI formation is approximately constant upon the remaining cycles (which is reasonable to assume based on a partial dissolution of the SEI layer), a linear drop in the capacity with the cycle number should be seen. Note that the positive electrode in this case will contain a higher and higher concentration of the oxidized form as it cannot be fully reduced on the cycles. This gradual inactivation of the positive electrode is hence the reason why the cell capacity decreases continuously upon the cycling.
If instead the negative electrode is capacity limiting, the capacity of the cell will remain constant until the capacity of the positive electrode becomes limiting. In this case, the capacity of the positive electrode thus decreases by an amount corresponding to the SEI charge on each cycle. This does, however, not affect the cell capacity until the positive electrode becomes capacity limiting. In a cell containing a lithium foil electrode, the cell capacity should therefore remain constant until the capacity of the lithium electrode becomes limiting.
Silicon nanoparticle composite electrodes
Since lithium alloy formation and large capacity losses also are seen for silicon electrodes, experiments were likewise carried out with silicon nanoparticle composite electrodes. An average particle size of 50 nm was chosen to minimize the influence of the volume expansion effects. 1, 8, 31 In Fig. 2a it is seen that the capacity decrease was about 2000 mA h g À1 during the first 100 cycles (the chronopotentiograms are shown in Fig. S5 in the ESI †). The magnitude of this loss is in good agreement with other results. 1, 2, 23, 32, 33 While the electrode exhibited an initial capacity of about 3100 mA h g À1 (i.e. 87% of the theoretical capacity for Li 15 Si 4 34 ), the average capacity loss was thus about 20 mA h g À1 per cycle. Given that this charge would have corresponded to about 5 mg of trapped lithium per cycle (see Section S5 in the ESI †) it is clear that the lithium would be difficult to detect unless many cycles or very sensitive analysis techniques were employed. Based on the similarities between the silicon and tin nanorod electrode results it is reasonable to assume that the silicon capacity losses were caused by elemental lithium trapping. As seen in Fig. S6 in the ESI, † plots of the capacity versus the square root of the elapsed time were indeed found to be linear after about 25 to 30 cycles in analogy with the tin nanorod electrode results. For the silicon electrode, a small initial capacity increase was also seen, most likely due to the formation of an increased electroactive surface area. Since the capacity retention was about 36% after 100 cycles, the average charge recovery efficiency was about 99% (as 0.99 100 E 0.36) suggesting that about 1% of the reduction charge was lost on each cycle. Experiments were also carried out to determine the amounts of lithium in silicon composite electrodes after different lithium deposition times. These experiments (see Section S7 as well as Fig. S7 in the ESI †) were carried out using an initial constant current reduction step followed by potentiostatic deposition at The amounts of lithium in the electrodes were determined and compared with the amounts expected based on the deposition charges. The amount of lithium found in the samples was found to correspond to about 92% of the deposition charge. This is important as it suggests that 8% of the charge was consumed by the SEI formation process, and the data also indicates that the SEI dissolution rate was about 1 nm per hour (see Section S7 in the ESI †). The calculated Li/Si mole ratio after 200 hours was about 3.8 in good agreement with the formation of Li 15 Si 4 , indicating that the electrode was almost saturated with respect to lithium. Since the oxidation current at the Li electrode must balance the reduction current at the Si composite electrode, it is also clear that the deposited lithium was compensated for by the Li electrode. The plot of the deposition charge versus the square root of the deposition time (see Fig. S7 in the ESI †) was found to be linear and from this plot a lithium diffusion coefficient of 1.7 Â 10 À11 cm 2 s À1 was obtained. Based on this value, a full lithiation of the about 15 mm thick silicon composite electrodes would not be expected at a cycling rate of C/10. Since a deposition time of more than 100 hours was required to reach saturation, it is clear that lithium concentration gradients always should be present in the electrodes during cycling at a C/10 rate or higher. To further study the capacity losses for the silicon composite electrodes, controlled reduction charge experiments were carried out using a constant charge of 1200 mA h g À1 . As is shown in Fig. 2b , the oxidation charge was always smaller than the reduction charge (the average Q ox /Q red ratio was 98%) and the accumulated difference between the reduction and oxidation charges therefore increased on each cycle. It was, however, found (see Fig. 2b ) that a significant fraction of the difference accumulated over the previous ten cycles could be recovered during a ten hour oxidation step to 1.0 V vs. Li + /Li. Every tenth oxidation step was thus performed with a constant current step followed by a constant voltage pulse. Since the recovery during the constant voltage step was 30% (of the accumulated charge difference) after 10 cycles but 73% after 70 cycles, a larger 
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Energy & Environmental Science fraction of the accumulated charge difference could be recovered during the later cycles. Another interesting feature in Fig. 2b is the fact that the oxidation charge on the cycle immediately after each constant voltage pulse was decreased by a value corresponding to the constant voltage pulse charge. The recovery of the deposited lithium was thus significantly decreased after the application of the constant voltage pulse, most likely as the latter increased the lithium trapping ability of the electrode by decreasing the lithium concentration in the surface layer of the electrode. It is therefore reasonable to assume that the lithium trapping effect was linked to the lithium concentration profile in the electrode and that the influence of the trapping effect was smaller for a higher lithium concentration in the electrode. Additional evidence supporting the diffusion controlled lithium trapping hypothesis is shown in Fig. 2c depicting a plot of the capacity of a silicon electrode as a function of the cycle number for constant current cycling at a rate of C/10 in the presence of constant voltage oxidation steps to 2.0 V vs. Li + /Li on the 100th, 200th and 300th cycles. While it is immediately clear that the capacity decreased significantly during the cycling, a reduction capacity of about 2400 mA h g À1 was, still, obtained after the constant voltage step (to 2.0 V vs. Li + /Li) on the 200th cycle when using a rate of C/100. This capacity should be compared to that of about 110 mA h g À1 obtained at a rate of C/10 immediately prior to the pulse. The capacity increase of almost 2300 mA h g À1 cannot be explained by the oxidation charge associated with the constant voltage oxidation pulse as this corresponded to merely 330 mA h g À1 (see Fig. 2d ). The large increase in the reduction capacity must therefore have been due to the longer deposition time associated with the C/100 cycling rate, most likely as this enabled lithium diffusion further into the electrode. This is supported by the fact that the corresponding increase in the C/10 reduction charge after 100 cycles was much smaller despite the longer duration of the pulse. In analogy with the results in Fig. 2b , the oxidation charge on the cycle immediately after the constant voltage step was found to be significantly smaller. Fig. 2d shows a plot of the accumulated difference between the reduction and oxidation charges in Fig. 2c . The initial rapid increase in the accumulated difference is followed by a region in which the value increases more slowly suggesting a saturation effect. It is also evident that the accumulated difference reached values up to about 5800 mA h g À1 clearly exceeding the theoretical capacity for a silicon electrode (i.e. 3579 mA h g À1 for Li 3.75 Si 34 ). This means (see Section S3 in the ESI †) that the accumulated charge difference must have contained contributions both from lithium trapping and SEI formation. In Fig. 2d , the negative shifts associated with the constant voltage steps after 100 and 200 cycles stem from the oxidation charge associated with these steps whereas the C/100 deposition step on the 201th cycle resulted in an increased reduction charge and hence an increased accumulated charge difference. The decrease in the accumulated charge difference after 201 cycles is particularly interesting as it shows that the oxidation charge actually exceeded the reduction charge after the C/100 reduction step. This suggests that that lithium deposited during the C/100 step became available for oxidation during the subsequent C/10 oxidation steps, i.e. that lithium diffused from the interior parts of the electrode towards the electrode surface!
The two-way diffusion trapping model
The results presented above as well as previous results obtained with aluminium electrodes 12, 13, 35 indicate that significant capacity losses can be seen due to diffusion controlled lithium trapping. This effect can be explained based on the lithium concentration profiles in the electrodes employing the schematic two-way diffusion model depicted in Fig. 3 (which clearly does not take into account the fact that the real diffusion profiles often have more complex shapes due to e.g. grain boundary diffusion). 19, 36 This straightforward model can, nevertheless, be used to explain the fundamental aspects of the trapping phenomenon. During the first cycle, lithium diffuses into the electrode during the deposition step whereas the lithium concentration at the electrode surface decreases during the subsequent oxidation step. This gives rise to an intermediate region in which the lithium concentration is higher than both at the electrode surface and in the interior parts of the electrode. The lithium can then hence diffuse both towards Fig. 3 Diffusion controlled lithium trapping. (a) On the first reduction (i.e. lithiation) cycle, the deposited lithium diffuses towards the centre of the particle (steps 1-4). During the subsequent oxidation (i.e. delithiation) the deposited lithium diffuses towards the electrode surface as well as towards the centre of the particle (steps 5-8). Two-way diffusion gives rise to the lithium concentration profile illustrated in step 6 and some lithium remains in the particle even after the oxidation step (step 8). (b) During the second cycle lithiation the deposited lithium diffuses inwards while the lithium in the centre of the particle diffuses outwards (step 1b). As more and more lithium is trapped in the particle, less and less lithium can be deposited on the subsequent cycle.
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the electrode surface and further into the electrode, i.e. two-ways. This implies that the lithium furthest into the electrode can diffuse too far into the electrode to be recovered within the time domain of the subsequent oxidation step and a small part of the deposited lithium therefore becomes trapped in the electrode on each cycle. As the experimental data indicate that less than 1% of the deposited amount of lithium is trapped on each cycle, this effect is initially difficult to detect. There are, nevertheless, several reports 19, 37, 38 indicating the presence of lithium in oxidized electrodes. As is shown in Fig. 2 , the trapped lithium is, however, not irreversibly lost and it should hence be possible to regenerate an electrode by merely keeping the electrode in its oxidized state for a sufficiently long time. The actual capacity loss, however, stems from the gradual increase in the lithium concentration in the electrode as slightly less lithium can be deposited on each subsequent cycle. As the electrode becomes saturated with lithium within the electroactive region of the electrode, the capacity approaches zero. It can hence be concluded that the extent of lithium trapping should depend on the time domain of the experiments and the thickness of the electrode since a sufficiently long lithiation step or a sufficiently thin electrode layer should facilitate the attainment of a fully lithiated material. As long as there is lithium deposition (or oxidation of lithium) at the electrode surface, the surface concentration of lithium will, nevertheless, be different from that in the interior parts of the electrode. The electrodes should consequently be designed so that the full capacity of the material always is exploited. This finding could explain why an improved cycling performance generally is seen for electrodes with thin layers of nanoparticles. 1, 4, 8, 22 Based on the lithium concentration profiles it can also be concluded that the delithiation (although incomplete) should be inherently faster than the lithiation step in accordance with recent experimental findings. 2, 39 It is also reasonable to assume that the two-way diffusion model may be applicable to other electrode materials used in lithium based batteries as well.
Lithium diffusion in common current collector materials
Since it is well known that elements forming alloys with lithium are unsuitable as current collectors, materials such as copper, nickel, stainless steel and titanium are generally used together with the negative electrode. Although the amounts of lithium that can be housed in the latter three materials should be about two orders of magnitude lower 40 than for copper, these materials can still take up lithium even though this cannot be seen in the phase diagrams. [41] [42] [43] Significant amounts of lithium were hence found in nickel, copper and titanium pieces (see Fig. 4a ) kept in contact with elemental lithium for a week at 50 1C in sealed plastic pouches. Boron-doped diamond (BDD) was also investigated and found to be considerably less permeable to lithium diffusion as seen in Fig. 4 . Further evaluation of Li exposed BDD electrodes by HAXPES and TOF-SIMS showed no signs of Li trapping (see Fig. 4 and Fig. S8 -S13 in the ESI †). This indicates that the lithium diffusion rate in BDD is much lower than in conventional metal current collectors which is why BDD should be better suited for use in current collectors for negative electrodes based on lithium alloys or lithium films.
Conclusions
The present results clearly show that the capacity losses generally seen for nanostructured alloy forming materials are more likely explained by diffusion controlled trapping of lithium than volume expansion or SEI formation effects. It can also be concluded that elemental lithium can be trapped both in lithium alloy forming electrode materials (e.g. Si, Sn and Al) and in metals (e.g. Cu and Ni) commonly used as current collectors. The trapping is caused by a two-way diffusion process where some of the deposited lithium diffuses into the electrode bulk and thereby becomes inaccessible during the subsequent oxidation step. The trapping effect depends on the time scale of the experiments and the dimensions of the electrode (i.e. the thickness of the active layer and the size of the particles) and its influence should be decreased by making sure that a complete lithiation and delithiation of the electrode is possible during the cycling.
Although the present study only deals with the diffusion of elemental lithium in lithium alloy forming materials and metals it is reasonable to assume that the two-way diffusion model also could be applicable to the lithium ion diffusion in intercalation materials. This suggests that the two-way diffusion effect described in this work may constitute a fundamental problem with respect to many electrode materials currently employed in lithium based batteries.
